The lithium ion battery has been one of the primary power sources driving the digital age, and witnessed a resurgence in interest with the advent of nanoscale materials and advances in cell performance. [1] [2] [3] [4] [5] [6] Much of the processes and mechanisms underpinning carbonate-based electrolytes in Li-ion batteries, particularly at the anode, still need to be resolved. 7, 8 Some commonly used organic solvents are ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC) etc. These organic electrolytes are decomposed during intercalation of lithium ions into graphite anode, resulting in the formation of the crucial solid electrolyte interphase (SEI) film. [9] [10] [11] This film plays an important role in determining capacity retention, cycle life and safety concerns in lithium ion batteries. 12, 13 SEI films typically comprise Li 2 O, Li 2 CO 3 and related carbonates, LiF (depending on salt used), and polymer phases together with olefins.
14 Effective SEI films provide stable surface passivation without significant reduction in electron conduction (higher transfer resistance). On carbon (graphite) anodes, stable SEI films are crucial for stable cycling and are formed below ∼0.8 V vs. Li + /Li. In practical applications of lithium-ion batteries, the selection of the electrode material is critical, particularly when using high surface area nanomaterials. 15 Enhanced chemical stability against electrolyte oxidation and reduction, high ionic conductivity, high boiling points, and low melting points are required, as well as the ability to solvate a wide range of lithium salts such as LiPF 6 , LiBF 4 or LiClO 4 , [16] [17] [18] [19] [20] [21] in aprotic and organic solvents such as ethylene carbonate (EC), propylene carbonate (PC), their mixtures, and ionic liquids. The decomposition mechanism of organic solvent and subsequent formation of SEI films near the graphite anode is a major research topic in lithium ion batteries from theoretical [22] [23] [24] [25] [26] [27] [28] [29] [30] and experimental [31] [32] [33] [34] [35] [36] [37] [38] [39] standpoints, and one of the least understood.
These electrolytes have proven to be the most efficient in terms of cyclability. 40 An EC electrolyte has higher dielectric constant and lower viscosity than a PC-based electrolyte, a thus a superior solvent. These properties favor salt dissociation and high ionic diffusion rates, resulting in improved ionic conductivity. Due to lower melting point (36.2 • C) of EC, it is a solid at room temperature. Therefore, mixtures * Electrochemical Society Active Member. z E-mail: c.odwyer@ucc.ie of EC with liquid solvents such as a PC and linear carbonates such as an ethyl methyl carbonate (EMC) are useful in practical applications. [41] [42] [43] It is well known that a lithium-ion battery with a graphite anode and an electrolyte EC can be cycled, while the charging of a similar battery in an electrolyte PC gives rise to exfoliation of graphite. [44] [45] [46] [47] Balbuena and co-workers performed theoretical calculations on the reductive decomposition intermediates of EC and PC in absence of graphite to determine the difference in the interaction of Li + ions with EC and PC. 36, 38 PC is less suitable for a graphitic anode due to its tendency to co-intercalate into graphite during the first charge process which leads to the destruction via exfoliation of the graphite structure. 27, [48] [49] [50] Therefore, many methods have been developed to solve this problem. One effective method is the use of film-forming electrolyte additives which are reduced predominantly on the graphite anode surface during the first charging process. These additives mainly consist of two functional groups namely such as vinylene compounds and sulfites. The VC molecule is a reactive additive that reacts on the anode surface. Previous spectroscopic studies showed that VC forms polyalkyl Li-carbonate species after its polymerization on a lithiated graphite surface. 51 Such species suppress both solvent and salt anion reduction. Han and Lee investigated possible reaction products and the thermodynamic stability of Li + -EC and Li + -VC by nucleophilic addition reaction with CH 3 O − . 33 Similarly, other additives such as vinyl ethylene carbonate (VEC), ethylene sulfite (ES), and vinyl ethylene sulfite (VES) also play an important role in the protection of the structure of the graphitic anode from exfoliation/destruction by PC, and have been used to enhance anode stability in modern nanomaterialbased anodes. 52, 53 Aurbach et al. 54 proposed the two-electron reduction mechanism of EC based on the component analysis of SEI films as shown in Fig. 1 , which has been confirmed in some specific density functional theory (DFT)-based ab initio molecular dynamics simulations. 55 Here, we first investigate the electronic structures of ternary graphite intercalation compounds (GICs), Li + (S) n = 1-4 C 14 (S = EC, PC) using density functional theory to determine the best choice of a range of carbonate and sulfite additives for PC-based electrolytes that promote stable SEI film formation at a graphite anode in Li-ion batteries. Quantum chemical computations give accurate energies of reactions and intermediates, including decomposition mechanisms that are key to SEI formation and stability in cycling for Li-ion batteries. 56 The data described here detail the thermodynamically favorable mechanisms and limitations of PC electrolytes on stable SEI formation at graphitic electrodes.
We also present an investigation into the electronic structures of various forms of additives such as vinylene carbonate (VC), vinyl ethylene carbonate (VEC), vinyl ethylene sulfite (VES), and ethylene sulfite (ES) in propylene carbonate (PC)-based electrolyte solutions and from computations, compare their relative effectiveness at preventing the exfoliation of the graphite anode over Li insertion and SEI formation. Calculations confirm VEC, VES, and ES additives are superior to VC for PC-based electrolytes and consistent with the associated first and second electron reduction energies. The calculated theoretical results and findings may aid the choice of electrolyte additives in experimental battery systems that use layered graphitic materials in carbonate electrolytes.
Computational Details
An isolated PC solvent and electrolyte additive (VC, VEC, ES, VES) molecule and their clusters including a lithium ion are optimized by using the B3LYP/6-31G (d) parameter in the liquid phase. The solvent effect is included in both optimization and single point calculations through the polarized continuum using the conductor polarizable continuum model (CPCM) [57] [58] [59] [60] [61] with tetrahydrofuran (THF) dielectric. Density functional theory calculations are performed with hybrid parameter B3LYP as implemented in Gaussian 09W. 62 The hybrid parameter B3LYP consists of exchange correlation function generalized gradient approximation (GGA) in the Becke, 63 Lee-Yang-Parr, 64 and VWN formula 5. 65 The basis set is chosen as 6-31G (d) for our calculations. The approximate basis set superposition error (BSSE) 66 for all clusters is calculated using Counter Poise (CP) method and is observed to be negligibly small. The first electron reduction energy (E 1 = E 11 + E 12 ) and the second electron reduction energy (E 2 ) for PC and additives are calculated according to the reduction schemes in 
Results and Discussion
We first examine the solvation structures of the lithium ion in both EC and PC. Using the optimized structures in Fig. 5 , the solvation and desolvation energies are calculated as follows:
where
, and E total [S] represent the total free energy for Li + (S) n = 1-4 (S = EC, PC), Li + , and S, respectively.
, and E total [Li (S) n+1 ] represent the total free energy for Li + (S) n = 1-4 (S = EC, PC), Li + , and S respectively.
These calculated solvation and desolvation energies are shown in Table I and Table II , respectively. It is clear from Table I that the solvation energy of Li + -EC complex is greater than the Li + -PC complex, which demonstrates the stability of EC compared to PC due to strong binding of Li + to EC molecules compared to PC molecules. The solvation energy is also found to decrease with increase in solvation number for both EC and PC.
From Table II , PC gives rise to a higher desolvation energy compared to EC, which suggests that Li + may have more difficulty intercalating into the anode from PC-based solvents. To examine this effect, we consider the oxidation of the electrolyte by examining the highest occupied molecular orbital (HOMO) of EC and PC from calculations. The HOMO energy of EC and PC are calculated to be −8.19 and −8.13 eV, respectively as shown in Table III , indicating that the oxidative decomposition activity is in the order PC > EC. On this basis, EC is more stable against oxidation than PC. However, due to the higher dielectric constant of EC, Li The energetics of solvents (EC, PC) and additives (A = VC, VEC, VES, ES) as well as the first and second electron reduction energies of solvent (PC) and its additives (A = VC, VEC, VES, ES) were determined. The corresponding total energy and frontier molecular orbital energies of additives (A = VC, VEC, VES, ES) and propylene carbonate (PC) were provided in Table III . From Table III , we observe that the energy level of the LUMO of any additive A is much lower than that of PC solvent itself. Based upon molecular orbital theory, a molecule with lower LUMO energy should be a better acceptor and more reactive on the negatively charged surface of the anode. In this sense, additive A will be reduced prior to the PC solvent during the first charge process. The reactivity of additives based on the LUMO energy is found in the order ES > VES > VEC > VC. This is likely be due to the stability of -SO 3 group as compared to -CO 3 group. The calculated frontier orbital energies of solvents and additives other than ES are consistent with related DFT calculations. 69, 70 In the presence of ES, any SEI film formed during charging are considered to be more soluble to solvated Li + (ES) n , than to Li + (PC) n moieties. Additionally, comparison of these findings to voltammetric investigations in experimental work using similar solvents, suggests that while PC does not in itself help to form SEI that prevent co-intercalation and thus graphite exfoliation, ES can potentially initiate reduction processes in PC leading to more effective SEI film formation at the graphite surface. A lithium-ion cell using a graphitic anode can be cycled with good coulometric efficiency using PC:DMC that maintains a degree of solvation of PC below 2, i.e. Li + (PC) n < 2 .
71,73
With calculations for the optimized lithated solvent complexes, the energetics of ternary graphite intercalation compounds (GICs), Li + (S) n = 1-4 (S = EC, PC) can be examined as a model system replicating a graphite anode in the presence of EC and PC electrolytes. The ternary GIC energy is calculated according to:
, and E[C 14 ] represent the total free energy of a ternary GIC, a solvent (EC or PC) molecule, and graphite, respectively. Table IV lists the energetics of Li + (S) n = 1-4 C 14 (S = EC, PC). Our DFT calculations show that Li + (EC) n = 1-4 C 14 are all more stable than Li + (PC) n = 1-3 C 14 for the same solvation number. The energetics of Li + (PC) n = 4 C 14 are not necessary to determine since Li + (PC) n = 3 C 14 is found already to be unstable (positive energy). The ternary GICs for both EC and PC become less stable as the number of solvent molecules increases due to the steric repulsions between the ternary GIC and graphene layer. It is of particular interest to observe that Li + (PC) n = 3 C 14 is energetically unfavorable. On other hand, Li + (EC) n = 1-4 C 14 energies all are negative and thermodynamically stable. Zhao et al. 72 performed similar calculations on Li x (THF) (x = 2-8) intercalated in graphite using a GGA-PBE functional, but no intercalation energy was reported however.
The calculated structures of Li + (EC) n = 4 C 14 and Li + (PC) n = 3 C 14 are shown in Fig. 6 . It is clear from Fig. 6 that no exfoliation in graphite occurs for Li + (EC) n = 4 C 14. However, exfoliation occurs for Li + (PC) n = 3 C 14 . PC was determined earlier to be unstable compared to EC and Li + (PC) 3 C 14 complex is found to be unstable for a stable ternary GIC to be formed, limiting the possibility of coherent SEI film formation at the graphite anode. These findings indicate the necessity of choice electrolyte additives to enhance the reduction of PC to promote SEI film formation; no such problem exists for EC to even higher degrees of solvation. The solvation of Li + in PC can be altered by the use of higher temperatures (abnormal operating conditions) 73 or by using a different solvent. Theoretical examination of the effective of a range of additives (A = VC, VEC, VES, or ES) to PC solvents to facilitate the two step reduction to form stable SEI films on Li-ion graphitic anodes is considered next. Table V lists the first and second electron reduction energies of PC and additives. The first electron reduction energy (E 1 ) of PC and additive in solution is found in the order PC > VC. However, we find from calculations that A > PC for A = VEC, VES, and ES. If the process is limited electrochemically to the first electron reduction for PC-based electrolyte for example, then additives other than VC are effective in promoting SEI film formation near the graphite anode. The second electron reduction energy (E 2 ) is A > PC (Table V) . Here, all additives including VC have lower values of E 2 than PC, and are likely to undergo second electron reduction to produce Li 2 CO 3 with additives VC and VEC, and Li 2 SO 3 with VES and ES, found in most SEI films. In some experimental measurements using differential electrochemical mass spectrometry, Li 2 S and Li 2 O are also capable of being formed, but at potentials (vs Li + /Li) greater than (i.e. preceding) PC decomposition. 67 In case of PC alone, it may be decomposed before undergoing second electron reduction due to high value of E 2 . The calculated values are significant in determining and explaining the comparative effectiveness for SEI film formation at layered graphitic anodes.
Next, we present calculations for the characteristics and structure of PC with and without additives for Li + (PC) 3 and Li + (PC) 3 A complexes (A = VC, VEC, VES, ES) considered as model complexes at the limit of solvation prior to exfoliation (reduction to linear carbonates and SEI film formation). The corresponding characteristics are given in Table VI . As reported in Table VI, From Fig. 8 , it is clear that the C=O frequency of PC increases in the order ES > VES > VEC > VC, while the C-O frequency of PC decreases in the same order with additives consistent with the change in their respective bond lengths due to these interactions. Some new vibrations from the complexes are found at low frequencies (400-1000 cm −1 ) due to the presence of additives, which demonstrates the influence of additives on the decomposition of PC prior to SEI film formation near graphite anode. Moreover, the IR spectra of PC with all additives (that includes the increasing fraction of PC) are reproduced in Fig. 9 . From these IR spectra, it is important to notice that there is decrease in C=O and C-O frequency with increase in content of PC compared to VC. We also observe an increase in C=O and C-O frequencies with a greater PC content compared to VEC, VES, and ES. This theoretical IR examination will allow comparison to experiment and aid in identifying the vibronic structure of optimized electrolyte-additive complexes in electrolytes. Characteristically, the C=O frequency is found to be 1818. 30 Frequency (cm 
Conclusions
Density functional theory methods were used to investigate the effect of electrolyte additives such as vinylene carbonate (VC), vinyl ethylene carbonate (VEC), vinyl ethylene sulfite (VES), and ethylene sulfite (ES) in propylene carbonate (PC)-based Li-ion battery electrolytes in the liquid phase at the level of B3LYP/6-31G (d) using the polarizable continuum model in a tetra hydrofuran (THF) dielectric. The higher desolvation energy of PC limits Li + intercalation into graphite compared to solvated Li + in EC. The higher HOMO and LUMO energies of EC confirms a lesser degree of oxidative and reductive decomposition for PC. The interaction energies of Li + in PC and EC with respect to a graphite intercalation compound demonstrates limited SEI formation near the graphite anode for PC-based electrolyte complexes due to a preference for exfoliation by co-intercalation. Li + (PC) 3 clusters are found to be unstable with GIC's and become structurally deformed, preventing decomposition mechanisms and associated SEI formation in favor of co-intercalation.
Calculations demonstrate that the reduction decomposition of PC and electrolyte additives is such that the first electron reduction in solution is found in the order PC > VC, and scales as ES > VES > VEC >PC. Importantly, PC cannot be decomposed with VC as an additive during the first electron reduction. The second electron reduction follows ES > VES > VEC > VC > PC, which clearly indicates the decomposition of PC after second electron reduction to form the SEI film near the graphite anode. The reactivity of the additives under consideration is found as ES > VES > VEC > VC. Theoretical IR vibrational characteristics of PC with and without additives also indicate the bonding within solvated complexes. The data demonstrate the supportive role of certain additives, particularly sulfites, in PC-based electrolytes for SEI film formation and stable cycling at graphitic carbon-based Li-ion battery anodes without exfoliation or degradation of the anode structure.
